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The rapid growth of deformable and stretchable electronics calls for a deformable and stretchable power source. We
report a scalable approach for energy harvesters and self-powered sensors that can be highly deformable and stretch-
able.With conductive liquid contained in apolymer cover, a shape-adaptive triboelectric nanogenerator (saTENG) unit
caneffectively harvest energy in variousworkingmodes. The saTENGcanmaintain its performanceunder a strain of as
large as 300%. The saTENG is so flexible that it can be conformed to any three-dimensional and curvilinear surface.We
demonstrate applications of the saTENG as a wearable power source and self-powered sensor to monitor bio-
mechanical motion. A bracelet-like saTENG worn on the wrist can light up more than 80 light-emitting diodes.
Owing to the highly scalable manufacturing process, the saTENG can be easily applied for large-area energy
harvesting. In addition, the saTENG can be extended to extract energy from mechanical motion using flowing water
as the electrode. This approachprovides anewprospect for deformable and stretchable power sources, aswell as self-
powered sensors, and has potential applications in various areas such as robotics, biomechanics, physiology,
kinesiology, and entertainment.
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INTRODUCTION

The fast development of deformable and stretchable electronics that
exceed the scope of traditional technologies has raised a significant
challenge for inventing power sources for such devices (1–4). A shape-
adaptive and stretchable energy harvester is a solution because of its abil-
ity to accommodate arbitrary surfaces. There are various types of energy
harvesters, for example, solar cells thatworkunder sunlight, thermoelec-
tric generators that require a heat source with a temperature gradient,
electromagnetic generators that need strong magnetic fields, and piezo-
electric generators that are intrigued by pressing force (5–9). Tribo-
electric nanogenerators (TENGs), which harvest ambient mechanical
energy based on the coupling of triboelectrification and electrostatic in-
duction, are a promising type of energy harvester because of their
simple fabrication, low cost, light weight, high energy conversion ef-
ficiency, and environmentally friendly processes (10–15). Moreover,
this type of energy harvester can serve as a self-powered sensor to detect
chemicals, pressure, acoustic waves, and motion, which use ambient
energy to drive the operation themselves (16–20). Recently, efforts have
been made to advance the development of the shape-adaptive and
stretchable energy harvesters (21–24). However, these devices have con-
fined stretchability, limited deformable ability, and restricted scalability,
which cannot satisfy the requirements imposed by the rapid growth of
deformable and stretchable electronics.

Here, we introduce an approach that substantially expands the
stretchability, refines the deformable ability, and extends the scalability
of energy harvesters and self-powered sensors. This approach was realized
through a shape-adaptive TENG (saTENG) unit composed of a con-
ductive liquid electrode and an elastic polymer cover. Taking advantage
of the unique conformability of the liquid electrode, as well as the high
flexibility of the rubber cover, the saTENG is capable of withstanding a
strain of as large as 300% without degradation of the electrical properties.
In addition, water can act as the liquid electrode for the saTENG, which
considerably broadens the range of its applications. The saTENG was
applied as awearable energy scavenger and a self-powered biomechanical
motion sensor by incorporating with the human body. Furthermore, the
saTENGwas used for large-area energy harvesting and energy conver-
sion out ofmechanicalmotion using flowingwater as the electrode. This
work opens up new design opportunities for energy harvesters, stretch-
able electronics, wearable devices, and self-powered sensors.
RESULTS

The basic saTENG unit consists of a conductive liquid electrode inside
and a rubber layer outside, as schematically shown in Fig. 1A. The rub-
ber layer has a thickness of 200 mm, and its surface was dry-etched to
create nanorod structures via inductively coupled plasma (ICP) (25). The
surface of the rubber has intrinsic wrinkled structures, and the etched
nanorods on the rubber surface have a diameter of ~50 nm (Fig. 1B).
The nanostructures on the rubber surface can enhance the triboelectric
charge density on the surface and increase the effective surface area
(26, 27). The conductive liquid inside the rubber can be a conductive
solution, liquid metal, or water. Sodium chloride (NaCl) solution and
water were chosen to act as electrodematerials in this work because they
are renewable, low-cost, and environment-friendly. Figure 1C shows
an optical picture of a typical saTENGunit; the detailed fabrication pro-
cess is presented in Materials and Methods.
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When the conductive liquid electrode inside the saTENG unit is
connected to the ground through a load, it will work in the single-
electrode mode to extract energy from mechanical motion. The typ-
ical electrical signals of the single-electrode-mode saTENG [diameter,
12.7mm; length, 50mm;NaCl solution (20 wt%) as the electrode] are
presented in Fig. 1 (D to F). When the saTENG was periodically
touched by a nylon film at a frequency of ~0.45 Hz, it exhibited an
open-circuit voltage (Voc) of ~67.71 V, a transferred charge density
(Dssc) of ~35.35 mC/m2, and a short-circuit current density (Jsc) of
~0.83 mA/m2. The resistance of the liquid electrode is defined as

R ¼ L
sA

ð1Þ
Yi et al. Sci. Adv. 2016; 2 : e1501624 17 June 2016
where L is the length of the liquid electrode, A is the cross-sectional
area of the liquid electrode, and s is the electrical conductivity of
the liquid electrode.During the contact/releasemotion, the length of the
liquid electrode remains the same; therefore, the resistance of the
saTENG unit is unchanged. It has been found that when the liquid
electrode is nonconductive (paraffin oil, resistance >20,200 gigohms),
there will be no electrical outputs under the same experimental
condition (fig. S1). It should be noted that the paraffin oil can in-
filtrate into the rubber in a very slow process, and the NaCl solution
has no reaction with the rubber. Hence, both devices were tested
immediately after fabrication to ensure equal dimensions of the
two devices.

The mechanism of the single-electrode-mode saTENG is shown in
Fig. 1G. Note that the acrylic plate that the device was placed onto was
Fig. 1. Structure of the saTENG unit and its operation in single-electrodemode. (A) Schematic diagram showing the saTENG unit that is composed of
two parts. The zoom-in illustration (top right) shows the nanostructured rubber surface. (B) Scanning electronmicroscopy images of the rubber surface with
dry-etched nanorod structures. (C) Photograph of a typical saTENG unit with a copper wire connecting the conductive liquid. (D to F) The measured typical
electrical responses of the saTENG unit working in the single-electrodemode: (D) open-circuit voltage (Voc), (E) short-circuit charge density (ssc), and (F) short-
circuit current density (Jsc). (G) Schematic illustration of the operating mechanism for the single-electrode-mode saTENG. (H) Dependence of the amount of
the transferred short-circuit charge (DQsc) on the deformation of the saTENG unit. (I) Dependence of the DQsc on the interval between the nylon and rubber
when the deformation degree of the saTENG is the same at each operating cycle.
2 of 10

http://advances.sciencemag.org/


R E S EARCH ART I C L E

 on June 22, 2016
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

omitted for simplification. When the rubber comes into contact with a
material having a lower electron affinity, electrons will be injected to the
rubber owing to the triboelectric effect, resulting in surface triboelectric
charges. Note that the generated negative triboelectric charges will be
retained on the rubber surface for a long period (28). Because of the
electrostatic effect, when the positively charged material approaches
the rubber, the electric potential of the liquid electrode will rise under
the open-circuit condition, and electrons will flow from the ground to the
conductive liquid under the short-circuit condition. The electric poten-
tial of the liquid electrode and the transferred charges from the ground
to the liquid electrode will both reach theirmaximumvalueswhen the
approaching material stops moving forward. Then, as the material
moves away from the rubber, the electric potential of the liquid elec-
trode will drop under the open-circuit condition, which results in a
negative electric potential of the liquid electrode and causes elec-
trons to flow back to the ground under the short-circuit condition.
When the material gets back to its initial position, the triboelectric
charge distribution of the saTENGwill return to its original state. This
is an entire working cycle, and an alternating current will be produced
as the electrons flow back and forth between the liquid electrode and
the ground.

When the distance (d1) between the approaching material (nylon)
and the rubber remains the same, the amount of short-circuit trans-
ferred charge (DQsc) increases with the increasing deformation (d0)
of the saTENG unit (Fig. 1H), and so does Voc (fig. S2A). This is be-
cause as the deformation of the saTENG increases, the contact area
between the nylon and the saTENG unit increases, resulting in higher
outputs (29, 30). When the deformation of the saTENG unit remains
the same at each operation cycle, increasing the distance between the
nylon and the rubber also leads to an increase in DQsc and Voc (Fig. 1I
and fig. S2B).When d1 and d0 remain the same,Voc andDQsc are near-
ly unchanged, whereas the short-circuit current (Isc) (Isc = dQsc/dt) in-
creases with the increasing contact frequency of the rubber and nylon
(fig. S3). With the increasing length or diameter of the saTENG unit,
bothVoc and DQsc increase (figs. S4 and S5), which we attribute to the
increasing contact area between the two triboelectric surfaces. If the
thickness of the rubber cover increases, Voc and DQsc will both de-
crease when d1 and d0 remain the same (fig. S6). This is because the
distance between the nylon surface and the liquid electrode increases
when the rubber thickness increases, and thus, the capacitance be-
tween the nylon surface and the liquid electrode decreases, resulting
in a lower electrical output (31).

In addition to the single-electrodemode, the saTENGunit can also
be applied to work in other modes, such as the attached-electrode
mode (contact and sliding) and the freestanding mode. In these
modes, the periodical relative displacement between the two tribo-
electric parts (vertical direction for the attached-electrode contact
mode and horizontal direction for the attached-electrode slidingmode
and the freestanding mode) induces variation of the electric potential
difference between the two electrodes under the open-circuit condi-
tion, which drives electrons to flow back and forth between the two
electrodes through the external load (Fig. 2, F and H, and fig. S7).
The simulation results agree with the working principle described in
Fig. 2E and fig. S8. Detailed information for all the simulation
modeling can be found in note S1. The working principle is further
confirmed by the fact that when the connection polarity to the elec-
trometer is switched, the measured Voc and Qsc signals will be com-
pletely reversed. Like the single-electrode-mode saTENG, the outputs
Yi et al. Sci. Adv. 2016; 2 : e1501624 17 June 2016
for saTENGs working in other modes increase when the relative dis-
placement between the two triboelectric parts increases (Fig. 2, C, G,
and I). Among those modes, the saTENG working in the single-
electrode mode reveals lower-output performance (Fig. 2C) because
the electrostatic shield effect of the primary electrode has a negative
effect on the performance of the single-electrode-mode TENG (31).
The output power of a TENG to the load depends on the impedance
match between the load and the power source. At a load resistance of
~300 megohms, the attached-electrode contact-mode saTENG reaches
amaximum instantaneous power density of ~200mW/m2 at a frequency
of ~3 Hz (Fig. 2D). It should be noted that the ~300-megohm–matched
inherent impedance of the saTENG is affected by the frequency of the
external motion and the inherent capacitance of the saTENG (note S2).
Each working mode for the saTENG unit has its own advantages. The
single-electrode-mode saTENG has the easiest structure and can con-
veniently harvest various sources of energy because the other triboelectric
part canmove freely. The attached-electrode-mode saTENGcan provide
higher outputs because it is harder to reach air breakdown conditions.
The freestanding-mode saTENG can efficiently and conveniently scav-
enge energy from sliding motion with no constraint to one triboelectric
part. In the following paragraphs, we used the single-electrode-mode
saTENG to investigate the performance characteristics and demon-
strate the applications for the saTENG.

When the NaCl solution was used as the liquid electrode, Voc and
DQsc of the saTENGwere slightly enhanced with the increasing weight
concentration of the NaCl solution (Fig. 3, A and D). This enhance-
ment resulted from the increasing conductivity of the NaCl solution
(Fig. 3, B and E, and fig. S9). The resistances of the liquid electrodes at
different concentrations can be obtained through Eq. 1, and the de-
creasing outputs with the increasing resistance are shown in Fig. 3
(C and F). Therefore, for future performance improvement of TENG
based on liquid electrodes, it is better to use a liquid with a high con-
ductivity and to minimize the length/cross-sectional area ratio of
the liquid electrode. It is noteworthy that when the weight con-
centration of the NaCl solution is zero (distilled water), the saTENG
still exhibits good performance. This is because the inherent im-
pedance for the TENG is typically hundreds of megohms (note S2),
whereas the resistance of the distilled water electrode (diameter,
12.7 mm; length, 50 mm) is ~10.8 kilohms, which is much smaller
than the inherent impedance. For TENG, this high inherent impedance
allows the resistance of its electrode to vary within a wide range with-
out much degradation of the performance (note S3). Furthermore,
the high inherent impedance of the saTENG also leads to a low poten-
tial difference across the liquid electrode, which saves the liquid from
being electrolyzed (note S3).

The saTENGcanmaintain its high performance after being stretched
by 300%. As shown in Fig. 3 (G to I), with the elongation of the saTENG,
Voc and DQsc initially increase and then slightly decrease. The output
signals were acquired from the contact/release interaction between the
rubber and an acrylic plate, with the same deformation of the saTENG
at different stretched lengths. The experimental setup for the stretch-
ability test can be found in Materials and Methods and fig. S10. The
contact area between the rubber and the acrylic can be calculated as

S ¼ wxL0ð1þ eÞ ð2Þ

where wx is the width of the contact area between the acrylic and the
rubber of the saTENG unit, L0 is the length of the saTENG unit in the
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Fig. 2. Investigation of the saTENG unit working in other modes. (A and B) The open-circuit voltage (Voc) and short-circuit transferred charge
(Qsc) of the attached-electrode contact-mode saTENG with (A) forward connection and (B) reverse connection to the liquid electrode. (C) Compar-
ison of the DQsc of the saTENG working in the single-electrode mode and attached-electrode mode (contact/release motion, d1 = 5 mm). (D) Load
matching test of the saTENG working in the attached-electrode contact mode at a frequency of ~3 Hz. Maximum average output power is obtained
at a matched load of ~300 megohms. (E) Simulation results for the attached-electrode contact-mode saTENG exhibit the increasing electrical po-
tential difference between the liquid electrode and the aluminum electrode as the distance between the rubber and nylon increases. Note that for
simplification, the acrylic plate support under the saTENG unit is omitted in the simulation model, which will not affect the changing trend of the
electrical potential due to the superposition principle of electrical potential. (F and G) Working mechanism (F) and dependence (G) of Voc and DQsc

on the sliding displacement for the saTENG unit operating in the attached-electrode sliding mode. (H and I) Working mechanism (H) and depen-
dence (I) of Voc and DQsc on the parallel-moving displacement for the saTENG unit operating in the freestanding mode.
Yi et al. Sci. Adv. 2016; 2 : e1501624 17 June 2016 4 of 10
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original state, and e is the tensile strain of the saTENGunit. The contact
area between the acrylic and the rubber increases with the stretched
saTENG (note S4), which contributes to the enhancement of the out-
puts. The resistance of the liquid electrode of the elongated saTENG
can be calculated as

RS ¼ L0ð1þ eÞ2
sA0

ð3Þ

where A0 is the cross-sectional area of the saTENG at the original
state. The deduction of Eq. 3 can be found in note S5. It is clear that
the resistance of the liquid electrode increases with the elongation. It
should be noted that the stretched device in the experiment has two
cone-shaped ends because the two ends are bound. Therefore, the
real contact area between the acrylic and the rubber will be smaller
than the calculated contact area from Eq. 2, and the real resistance of
Yi et al. Sci. Adv. 2016; 2 : e1501624 17 June 2016
the liquid electrode of the stretched device will be larger than the
calculated resistance from Eq. 3. As mentioned above, a larger
resistance of the liquid electrode results in a slightly lower output,
whereas a bigger contact area leads to a higher output. At small tensile
strain, the increasing contact area plays a dominant role in the
performance; therefore, the electrical outputs of the saTENG keep
increasing. As the tensile strain increases; because of the two cone-
shaped ends of the stretched saTENG unit, the increasing rate of
the contact area reduces, whereas the increasing rate of the resistance
increases. As a result, the negative effect on the performance by the
increasing resistance will outstrip the positive effect on the perform-
ance by the increasing contact area. Hence, the electrical outputs of
the saTENG stop increasing and start to decline. In an extreme case
where the saTENG is stretched to an infinite length, the resistance of
the liquid electrode will approach infinity, and the saTENGwill present
nearly no electrical outputs. Therefore, it could be predicted that the elec-
trical outputs will follow a very slowly decreasing trend if the saTENG
Fig. 3. Influences of liquid conductivity, liquid electrode resistance, and saTENG elongation on performance. (A and D) The measured open-
circuit voltage (Voc) (A) and the amount of short-circuit transferred charge (DQsc) (D) of saTENGs with electrodes of different NaCl weight concentra-
tions. (B and E) Dependence of Voc (B) andDQsc (E) on the conductivity of the liquid electrode. (C and F) Dependence of Voc (C) andDQsc (F) on the resistance
of the liquid electrode. (G) Photographs showing the saTENG under different tensile strains. Scale bar, 2 cm. (H and I) Dependence of Voc (H) and DQsc (I)
on the tensile strain of the saTENG.
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unit is further stretched. The same changing trend of Voc and DQsc

agrees with the common relationship between Voc and DQsc of a
TENG (31)

VOC ¼ DQsc

C
ð4Þ

where C is a constant for the single-electrode-mode saTENG. The ex-
cellent stretchability of the saTENG is attributed to the unique ability of
the liquid to conform to the shape of its container and the high flexibility
of the rubber cover. For practical use, saTENGs with specified shapes
and stretchability can be developed or custom-tailored by using suitable
covers.

Because there is no chemical reaction between the NaCl solution
(or thewater) and the rubber, the durability and reliability of the saTENG
unit depend on the rubber cover. There is no obvious degradation of
the output electrical signals of the saTENGunder the original state or
the stretched state (tensile strain, 300%) after ~55,000 deformation
cycles (figs. S11 and S12), which indicates good reliability and stability
of the saTENG in operation.

The stretchable saTENG has a wide range of applications in every-
day life. It can not only tolerate arbitrary surfaces but also accommo-
date movable parts. Figure 4 (A to C) shows the application of the
saTENG to harvest energy from human walking and to monitor foot
Yi et al. Sci. Adv. 2016; 2 : e1501624 17 June 2016
motion. As shown in Fig. 4A, a saTENG was mounted under the shoe
like a shoe pad, with tap water (conductivity, 0.248mS/cm) as the liquid
electrode.Note that the humanbody,which is a sizeable, good conductor,
served as the ground for all the wearable saTENGs shown in Fig. 4, and
tap water was used as the electrode for all the saTENGs in the demon-
strated applications. Two groups of light-emitting diodes (LEDs) with
reversed polarity were used to visualize foot motion (Fig. 4B). Note that
the equivalent circuit diagrams for the LED arrays in other demonstra-
tions can be found in fig. S13. The two groups of LEDs were lighted up
alternately while the foot was up and down during human walking.
When the foot is up, the declined electric potential of thewater electrode
causes electrons to flow from the water electrode to the ground, lighting
the upper group of LEDs; when the foot is pressed down, the raised
electric potential of the water electrode drives electrons to transfer from
the ground to thewater electrode, lighting the lower group of LEDs (Fig.
4C and movie S1). This kind of outsole saTENG can be applied in
areas such as robotics and entertainment. As shown in Fig. 4D and
movie S2, a bracelet-like saTENGwas worn on a human wrist to harvest
energy from tappingmotion. Under a tapping cycle, the saTENG can
drive more than 80 LEDs, indicating its effectiveness as a wearable
power source. The electricity generated from the saTENG can also be
stored in energy storage devices such as capacitors and batteries after a
rectification of the alternate current signals. Figure 4E and movie S3
present the process of the saTENG storing the harvested energy into
 on June 22, 2016
dvances.sciencem

ag.org/
Fig. 4. Demonstrations of the saTENG as a wearable energy harvester and self-powered biomechanical monitor. (A to C) A saTENG attached
to a shoe to extract energy from foot motion: (A) photograph of the pedal-like saTENG sited under the shoe; (B) equivalent electric circuit diagram
depicting the order of the LED serials; and (C) photograph showing the LEDs driven by foot motion. (D to G) A saTENG looped around the arm of a
subject to harvest energy from tapping motion and serve as self-powered arm motion sensor: (D) photographs showing LEDs driven by tapping the
bracelet-like saTENG; (E) charging a capacitor with the brace-like saTENG; (F) the saTENG worn on the upper arm; (G) response of the saTENG to
different bending angles.
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a capacitor (aluminumelectrolytic capacitor, 1 mF). An integrated low-loss
full-wave bridge rectifier was connected between the saTENG and the
capacitor to achieve the energy storage process. The voltage of the ca-
pacitor quickly increases (~25 V/min) when the saTENG is tapped and
becomes flat once the tapping motion stops. Besides functioning as a
wearable power source, the bracelet-like saTENG can serve as a self-
powered body motion sensor. As shown in Fig. 4 (F and G) and movie
S4, a bracelet-like saTENG was worn around the upper arm, and it is
capable of detecting the bending angle of the forearm when doing bicep
curls. The volume of the biceps increases when the elbow is bent and
recovers when the arm is extended, leading to a change in the upper
arm circumference and therefore an alteration of the contact area be-
tween the saTENGand the arm skin. The periodic change in the contact
area induces a stream of electrons to flow back and forth between the
water electrode of the saTENG and the ground. The contact area in-
creases when the bending angle is enlarged, bringing about a larger
amount of the transferred electrons and thus a higher output current
under the same bending rate. This bracelet-like saTENG feels soft
and comfortable, and it can beworn as an accessory. Because of its por-
tability, convenience, low cost, easy fabrication, and aesthetic value, it
has promising applications such as emergency response and exercise
monitoring.
Yi et al. Sci. Adv. 2016; 2 : e1501624 17 June 2016
Moreover, the saTENG can be extended to act as a large-area energy
harvester because of its highly scalable fabrication process and the abun-
dance of water on Earth. As shown in Fig. 5A, a water cushion with a size
of 183 × 69 × 5 cm was used to harvest mechanical energy. The cushion
cover had a thickness of ~900 mm, and the inner water was connected to
the LEDs with a metal wire. A large piece of metal served as the ground
for the large-area saTENG. When the water cushion is patted with an
acrylic plate (8 × 13 cm), the saTENG is capable of driving 170 LEDs (Fig.
5B and movie S5). Note that the acrylic plate can be replaced by other
materials such as human skin (movie S6). This cushion-like energy har-
vester could be useful in entertainment, sports, and architectural designs.
In addition, the saTENGcould be further extended to harvestmechanical
energy, using flowingwater as the electrode.When the water driven by
a syringe pump ran through a rubber tube (diameter, 6.3 mm; length,
55mm), tapping the rubber tube generated electrical output signals. The
working mechanism of the saTENG with a flowing water electrode is
the same as that with a bound water electrode; Voc and DQsc increase
when the deformation of the rubber tube increases (the interval be-
tween the acrylic plate and the rubber tube is the same) (Fig. 5, C andD).
Figure 5 (E and F) demonstrates the application of the saTENG to extract
mechanical energy based on household plumbing. As shown in Fig. 5E,
one end of the serial LED was connected to the running water in the
 on June 22, 2016
ttp://advances.sciencem
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Fig. 5. Demonstrations of the saTENG for large-area energy conversion and to harvest energy, using flowing water as the electrode. (A) Photo-
graph showing the experimental arrangement for a water cushion extracting energy from mechanical motion. (B) Photograph showing that ~170 LEDs
were lighted up by tapping the water cushion. (C and D) The increasing outputs with the increasing deformation of the water tube: (C) the open-circuit
voltage (Voc) and (D) the amount of short-circuit transferred charge (DQsc). (E) Photograph showing the experimental arrangement for the saTENG
harvesting mechanical energy based on household plumbing. (F) Photograph showing that ~80 LEDs were lighted up by tapping the rubber pipe with
flowing water as the electrode.
7 of 10
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pipe, and the other end was connected to the ground (human body or
a large piece of metal, excluding the metal plumbing that delivered the
water).When the rubber tubewas pattedwith an acrylic plate, dozens of
LEDs were lit up (Fig. 5F and movie S7).

The sliding and freestanding modes for the saTENG unit can also
be applied to harvest energy from the motions used in everyday life,
such as arm swing, handmovement, and human walking. Bymount-
ing a saTENG on the upper human body (fig. S14, A and B), the nor-
mal swing motion of the arm causes electrons to flow back and forth
between the water electrode and the ground (human body) for the
saTENG working in the single-electrode sliding mode (fig. S14A) or
between the water electrode and the other electrode for the saTENG
working in the attached-electrode sliding mode (fig. S14B), both of
which can effectively light up dozens of LEDs (movies S8 and S9).
For the applications of the freestanding mode, we demonstrate that
by moving a mouse on two adjacent water mouse pads (fig. S14C) or
walking across two water mats (fig. S14D), electrons will flow back
and forth between the two water electrodes of the water mouse pads
or water mats, which can also effectively light up LEDs (movies S10
and S11).
 on June 22, 2016
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DISCUSSION

The concept presented here enables energy harvesters and self-powered
sensors with high deformability and stretchability. The unique capabil-
ity of liquid to conform to the shape of its container endows the energy
harvester with theoretically limitless deformation and stretchability.
The energy harvester has a highly scalable manufacturing process,
which makes it feasible for small- and large-scale applications. The
energy harvester can also serve as a self-powered sensor to monitor bio-
mechanical motion. For practical use, cover material for the liquid
electrode with specified properties could be selected to suit the actual
needs; for a high-output performance, it is advisable to choose materials
tending to be readily charged by friction for the container and minimize
the resistance of the liquid electrode.

In addition, the high inherent impedance of the fabricated energy
harvester allows the resistance of its electrode to vary within a wide range.
This high impedance also results in a low potential difference across the
liquid electrode, which saves the liquid from being electrolyzed. It has
been demonstrated thatwater can be used as the electrode for the energy
harvester, which cuts down the cost of production and significantly
expands the applications owing to the abundance of water on Earth.
The energy harvester could also be extended to scavenge mechanical
energy using flowing water as the electrode. This way of harvesting
water-related energy is different from traditional techniques for har-
vesting water energy, which usually rely on the direct interaction of the
water with another material or the potential gradient induced by the
dissolved ions in water (32–36). Thus, this platformmay provide a new
route for harvesting water-related energy.

This approach is also human-friendly and skin-compatible. It is
predicted that this concept will be useful in wearable electronics, haptic
sensation, implantable devices, emergency response, architectural de-
signs, sports, robotics, and entertainment. Future work along this di-
rection could involve further improvement of the output performance
through maximizing surface charge density of the cover material and
optimizing the device structure, integration with energy storage de-
vices for sustainable power supply systems, development of self-
Yi et al. Sci. Adv. 2016; 2 : e1501624 17 June 2016
powered stretchable sensors, and construction of self-powered
stretchable electronics systems.
MATERIALS AND METHODS

Materials
Paraffin oil and sodium chloride (≥99.5%) were purchased from
Sigma-Aldrich. The rubber is a commercial product produced by
Qualatex. The nanostructures on the rubber surface were created via
the ICP method; the etching time was 50 s. The flow rates of Ar, O2,
and CF4 gases were 15.0, 10.0, and 30.0 sccm, respectively. An alumi-
num film on top of a nylon film was deposited by sputtering. The wa-
ter cushion was fabricated through injecting water into an inflatable
swimming pool mat. The 5-mm green LEDs in Figs. 4 and 5 weremade
byNichia (LED type: NSPG500DS). The 10-mm green LEDs in fig. S14
were made by Riysm (VF, 3.0 to 3.2 V; IF, 15 to 20 mA).

Fabrication of the shape-adaptive, stretchable energy
harvester unit
(i) A hollow cylindrical rubber layer (thickness, 200 mm) with one end
open and the other closed was initially washed thoroughly with ethanol
and distilled water and then blown dry with nitrogen. (ii) Conductive
liquid (sodium chloride solution or water) was injected into the rubber
container. (iii) A copper wire was dipped into the conductive liquid. (iv)
A knot was tied at the open end of the cylindrical rubber container to
seal up the liquid.

Experimental setup for the shape-adaptive, stretchable
energy harvester

The contact/release motion for saTENGs working in the single-
electrode contact mode and attached-electrode contact mode.
The nylon film (50 mm × 50 mm × 100 mm) was attached to an
acrylic plate, which was mounted onto a linear motor. Note that for
the attached-electrode contact mode, a 150-nm aluminum film was
deposited on top of the nylon film, which served as the other electrode.
The saTENG unit was placed onto another acrylic plate perpendicular
to the moving direction of the motor, with its two ends bound by foam
tape. The reciprocating motion of the linear motor stimulated the contact/
release motion. To test the influence of the contact frequency, a shaker
(Labworks SC-121) was applied to drive the contact/release motion.

The sliding motion for saTENGs working in the attached-
electrode sliding mode and freestanding mode. One (attached-
electrode sliding mode) or two (freestanding mode) saTENG units were
placed under the linear motor. An aluminum layer (thickness, 50 mm)
was attached to a semiround acrylic pipe that was fixed on the linear
motor. The movement of the linear motor led to the moving of the
aluminum over the saTENG unit(s).

Stretchability test. The saTENG unit was placed onto an acrylic
plate, and another acrylic plate with the same length as the stretched
saTENG was attached onto a linear motor. Two ends of the saTENG
were bound with narrow tape, which controlled the elongation of the
saTENG. The linear motor was used to induce the contact/release mo-
tion (fig. S10).

Measurement
The morphology of the nanostructured rubber surface was characterized
by a field emission scanning electron microscope (Hitachi SU8010).
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The conductivity of the liquid was obtained from the measured resistance
of a cubic centimeter of liquid, which was acquired through the alternating
current impedance method by using an electrochemical analyzer/
workstation. The voltage, charge, and current of the saTENGs were
measured by a programmable electrometer (part no. 6514, Keithley),
and the data were collected and recorded by computer-controlled
measurement software written in LabVIEW.
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note S1. Detailed information for the simulation modeling.
note S2. Factors affecting TENG’s inherent impedance.
note S3. Consequences of the saTENG’s high inherent impedance.
note S4. Detailed explanation for the increasing contact area with the increasing elongation of
the saTENG.
note S5. Detailed derivation of Eq. 3.
fig. S1. The measured typical electrical responses of the saTENG unit, with paraffin oil as the
electrode.
fig. S2. Dependence of the open-circuit voltage (Voc) on the deformation of the saTENG unit
and the interval between the nylon and rubber.
fig. S3. Influence of the contact frequency of the two triboelectric surfaces on the electrical
outputs of the single-electrode-mode saTENG.
fig. S4. Influence of the length of the saTENG unit on the electrical outputs of the single-
electrode-mode saTENG.
fig. S5. Influence of the diameter of the saTENG unit on the electrical outputs of the single-
electrode-mode saTENG.
fig. S6. Theoretical results of the influence of the thickness of the rubber cover on the electrical
outputs of the single-electrode-mode saTENG.
fig. S7. Schematic diagram exhibiting the operating mechanism for the saTENG working in the
attached-electrode contact mode.
fig. S8. Simulation results showing the increasing electrical potential difference between the
two electrodes for saTENG units working in the attached-electrode sliding mode and
freestanding mode.
fig. S9. Increasing conductivity of the NaCl solution with the increasing weight concentration.
fig. S10. Experimental setup for the stretchability test.
fig. S11. Cycle test of the saTENG under the original state.
fig. S12. Cycle test of the saTENG under the stretched state.
fig. S13. Equivalent circuit diagrams for the LED arrays in demonstrations.
fig. S14. Demonstrations of the sliding-mode and freestanding-mode saTENGs to harvest
energy from human motion.
movie S1. Harvesting energy from foot motion by an outsole saTENG.
movie S2. A bracelet-like saTENGworn on a humanwrist to harvest energy from tappingmotion.
movie S3. Charging an aluminum electrolytic capacitor by a bracelet-like saTENG.
movie S4. A bracelet-like saTENG worn on the upper arm to monitor arm motion.
movie S5. Harvesting energy by a large-area cushion-like saTENG tapped by an acrylic plate.
movie S6. Harvesting energy by a large-area cushion-like saTENG touched by human skin.
movie S7. Harvesting mechanical energy based on household plumbing, using flowing water
as the electrode.
movie S8. Harvesting energy from arm swing by a saTENG working in the single-electrode
sliding mode.
movie S9. Harvesting energy from arm motion by an attached-electrode-mode saTENG.
movie S10. Harvesting energy from moving a mouse by a freestanding-mode saTENG.
movie S11. Harvesting energy from human walking by a freestanding-mode saTENG.
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